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‘1. Introduction

A great deal of aitentlon has been given in this K.>ri.ski.; L,

proton deca:: experinencs, These experifients lLILflP: f,,r a \i:lati.:: J:

baryon number :B = 1, as prer!icted by Grand L’nificJ Tllc.jries. T!,LrL
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to carry out such an experiment was made.,— . . .. .- -—... -.-- —.—.. . The experiment alists F(J[ in-~31...--. .-–, . . . -

to the act after S. L. Glashow, high priest of Grand l’nifiCatlL’nm

launched his campaign to emphasize the importance and the ChallCIl}’LS (If

experiments that would provide a realistic basis for these iclcas. Fc!r

:the n + = process he proposed an extension of S!(5) WiLh a 6-fcrrit~n

‘coupling th~t would allow the annihilation of 6 quarks, or altrrn:]:ivL~-

.~A_t~e ~?nyersiog.~f-.3~q~rks. intc.3 anti-quarks. The dia~ra: f

this process is shcwm in Figure 1.

Glashow e=timated ‘an upper bound for the int~,ra’:ci(n scrl,::;:.. .._ ---- -.— -. - I>C1

r

. .

—
--r, .“ I ,,, , ]()-2; ti~; ,

11 . :; ,,, “:.,,i:;-r..(: ,17; sl .-1,,. I ,, :.,:1’ h’, , :[ ., :11 ,
,,,. ,.. . !,.”
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:—J’4&d_Xhesidr.cdic t ip~.p.T.p{gn_dec+y _or.-nIii. convers ion ___ _

Protan Decav n+;
—. . m;

1 yes no GL!T
, yes yes EUT

~ no yes PUT :
no no ???

t

S~(5) type grand unified theory
extended unified theory
partial unified theory
unified theory unknovn

;possible unification theories. nature follo~”s. The abo~’e chart, duc tc
. . — rq].-
: C%ang7 di”spla~s–%oi%~Yu”t~E%iT OT proton dcLay c~r n - n cc’n’~~r:i.r,
I

experiments can help decide which of the thecrid:; r,ip?;tha’:{. S(-L

validity.

,2. XcL]trcn-,lnt ineutrL*n Ccn\”crsi.’n

(k .-

)
—-T” -—’--””- .’--- .,

,’

.. ,: ‘
11

Iu2___ : -----
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lfann - ii mixing exists, neutrms and antineutrons arc no lonpcr

eigenstates but can be expressed as a mixture @f ncw eigenstatcs n
1

and

n,
2

n.n
1

cos: + n
2

sir’.’ ,

P,(t) = n,(f)) eXi’(-iI.)C/f,) .

!“ =1 - (.:J+ ;-’)l’: ,
1’
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Table 2 Number of events in a plausible experiment

6T=lo sec

&mwJ~~o -22 ~1,

f = 10’2 n/s

T = 107 se~

f = 50 meters, drift length

v = 25OO m/s neutron velocity
_~

t m 2X 10 see, drift Line

-- = 0.5
2 112

: ‘ = fd(h2 +AE)

H :E !Y

w ‘[’ .—. -s

0.0 0 106 2>:10 3

0.5 3X1F 2Y.1O--’ ]Xlo-l
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-3

bxlo
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transition rate using Fermi’s Golden Rule,

r= :IH12+ ,

where the transition matIIx element H = Lm x an overlap integral , and

dK/dE is the number of final states per unit energy interval. Lsil?g
-1

plausible values, a level spacing, (dX/dE) ~ J GeL’, a mixing tiine of

106 seconds, and taking the overlap between two nucleons in a nucleus
-2 !7]

to be of the order of 10 (Mohapatra and M.irshak estimate), b’e ob-
-1

tain T -7X1O
29

years. Thus, an experiment on neutron-antineutron
6

conversion that sets a mixing time >10 second; will establish ~ n~~

limit for nucleon stability for this type of process.

L’arious estimates of the mixing time based ~~n the experi~,enta;

limit for nucleon stability ha~’e appeared ill tlld literature. Altli,’u:],

the formulas obtained may be accurate enough, the results differ be::!.:sc

-1 .!
quite important. Because of the quadratic depcnde:lc~- T v~

89
sensitivity of 10 -10 s KLIUld allob. t!)e experi:L:)L t. “c:,:;.. 1-L :};L
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4. The n-b Conversion Experiment

To observe the conversion n-ii we arrange to have a large number of

neutrons moving as slowly as possible within a long evacuated drift

space caxefully shielded from magnetic fields. The interaction of ii

with the target produces a spectacular signature. The annihilation

reaction fin or flp occurs in the nucleus with a high cross-section and

results in the emission of 4-5 pions on average, and the release of

2 GeL’ in energy. Howe~’er, to realize the full sensiti~’ity neec!ed in

such an experiment, the utmost care must be taken in the design of t}~c

detector so that it will distinguish, with a high clepree of certain>”,

annihilation events fror the cosmic rav back~rc~und. The difficilit)

comes from the fact that if 1 e~’ent is found after 1 year of running,

we want to be sure It is an annihilation event and !)L1tcaused b’: one of
11

the lC COST,IC rays that ha~-e tra~’ersed the detect~’r d::rini cl~i+ ti:~ ,

Moreover, the detector must funCLiOn alnost pcrf,

of a large backgr~und of the capcure gan-a rays

pany slow nedtrons.

5. Annihilation E~-e:lts

Alt!lcuF}, the annihilation el”ents ar~ <uice scrii.inc, in:.l:i:: t~.,

e~.issi(n of 4-5 pions on a~~ra~c, th~ir er,~rg:: is in L]IL r..:~g~ (’f $L’-

era] >lcVj appxeciab]~, lover than the nulti-~c~.’ FarLic]t= L],at l,lil!

energy esperimentalists have become accust.~-,ed tc). The r SF -,tiy~ ,f ti,L

charg~d piens accounts for a suhsta:~tial fracti,ln (If tile 2 (;L”I .~’:,,ilt,~ 1, ,

and since the prc,ability of a nuclear i~~eL~Cti.>I_I is hi~ll, r.~1.?) cf L)IV

energy goes into nuclear excitation and clisintegratiL-n. A &’.’.LlL!L: U. L.I:-

will make this energy visible. Wlltiple scatterin$ is r~~ru SCL_j\’1J5 Kifl:

these iow energy particles, making IL inure difficult t~} rciLjli:Lr~]cL [lIL

vertex.

The characteris~ics of the annihilatio~l events .arti kn.~~n in cc~l)-

siderable detcil from studi,:s that have been made o’ ‘p annillilatitjns a:

rest. The branching ratios for the differei~t mcl(ies [ annitlil:lti~,n ale

gi~ren in Table 4.
[14]

T}le difference in the case of ~n st]L>uld hs m,in~~r

because the same isotopic spin is involved in Lhe initial state. In tl~~’

case of Rp annihilation a different charge and isotopic State is in-

volved and some difference in the charge composition of the pi{lns

[15]
emitted can be expected, The mean multiplicities and energies c~f
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Table 4 Contribution of pionic states to ~p annihilations at restj:

Final state

All neutral particles.—.
t-. .

W*T-v 0

-- *---- :
-

●
✟✎ ✎✍✍✌✌✍✎✌

✍

J-+]. -

3--1---:
-

on

fcmo

n-+f-

.4..
L

..?

:-.
k.

,.C::.
.*-.---- -..

~ :.I-*--

~: .:

.:--
.-

---
--,-.+

A.
:

‘- r)-

r,’-*”-

Percentage of ●ll anni~,ilaticns
CEiN Col~-3ia

4.1 +rJ.2
-0.6.—

0.37:0.C3

6.9 “0.35

S.a :0.3

0.2L:I).07

35.P :C.E

0.8 :0.1

6.9 EC.6

2.9 :C.3

0.9Z:C.2

: . 5:: : . 3

O.lJ::.lJ

1!’.6 ::,7

3.C :C.3

2.1 :0.2

1 ~.a’l.._. .-

● -,.~:, . , - : f

L.T::.:

c,2’: .,:-

n . ---L’. .--.,.;

.- c--
G‘-

‘Oil::.:?

2.1 ::.:

1.Q ::.:

1.3 :0.3

o.l::o.c -

Omo.:o.cl

3.2 :9.5

0.32:0.03

7.0 :0.9

4.] :0.L

3~.5 :1.2

5,P :C.3

c.: ::.2

1: - .- G
.-. .

3.3 ::.:

C1.; ::.j

7.3::.’

t ::.F,-

-,... --: . .

. . 1::,. . . .—-

0.3 :0.1

*rhis table updates the one publisl]t~d bY R. Armcnter(~s and B

High Energy Physics, VCI1, 4 (,lca[lcmir l’r.ss,lnc. )w YCIW YCJI-k,

data published later by the CERS-(:oll~&c CIC I_rdn(’e CL1llal~L,ra’

quoting percentap,es for resonnnct pr(~d~l(ti(~rl, n[! c(~r;vctions
made for decay modes not occurring in L}IC) giv~’rl fin:]l stat~’.

I

!

1

.



the pions for ~p annihilations at
[16] t,o

Enstxom et al. are: <n >=

-1o-

rest according to a summary by

5.02, <rt> = 3.06, <--> = 1.53, and

<T=> = 234 Ffev. The average number of charged pions according to

Table 4 is 2.95.

It is important to note in Table 4 that there are very few ‘+~-

back to back events, only 0.35%. This makes it plausible to trigger on

a minimum of three particles. To do this effectively, the trigger

should be sensitive to the gammas from no. In the case of ~p (fin)

annihilations, 3.62 have only ~oqs. In 7.4% of the cases one ‘0 acccn-

panies the ‘+T- pair, and in 357. of the cases the number of -O’s accom-

panying the ‘+-- pair is more than one. In all the remaining cases,, the

number of charged pions is ~t or more, with and L’ithout ‘o acconpani~,ent.

In the case of ~p annihilation, there will always be at least one _+
and

the situation is more favorable. There are also processes involving K

meson emission, but we do not list them here because all of these

together have a branching ratio of only 42.

In practice the ~ annihilation will take place on a nuclear tar~et.

For this reason it is useful to consider the results obtained fru;: a

study of 750 MeY antineutron annihilations in a heavy liquid bubble
[17]

chamber. Although the chamber contained 22- by wei~ht cf Br, tlli>

accounted for only 102 of the annihilations. ?~ubt of t~le anni}!i]JLi.’ns

took place in the light elements, 182 in H, 58-. ill C, and IL- ill F.

Each annihilation ga~’e, on a~’erage, 2.8 -t, 1.2 --” and 2.1 p. Tile r.tia:’.

kinetic energy of the pions was ~_ = 322 ?ILv, but PS is sllobm in

Figure 3 the distribution peals below 100 ?ltl’. An appreciabl~ a:-.t,]:-lt

of energy (and m~nentun) goes to protons. The averagd encr~:( is ~1,

= 88 Mel’. ?lost of the protc,ns would be missed in all of t}le dt~~cc~r>

proposed so far. These indications underline the iRPL’rtiInL’L ~)f u:.in,’

the li~htest possible element for the target.

6. The n - ; Experiments

One n - ~ experiment hzs alre:Jy beeli completed. It was L’~rriL’d

out at the Gren~7ble reactor
[18]

and a report uas gii’en IU this k’urksll~~l~

last year. The experiment used one of the CLJILI neutron bcoms tllaL ar~>

available at Grenoble. The conditions of the experiment were ver)

clean. The cold neutrons, with average velocity 150 m/s are bent

around a curved path by total reflection. They reach the detector

virtually free of capture gammas and fast neutrons. The flux,
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llIE rIdrIrslx
tin

Figure ? Kinetic energy ttistribu-

tions a) for pions and b) pr~\-
tons obtained using 750 Mel’ ii
In a heavy liquid buoble char.-
ber. The events of the Kp type
which were mainly on hydrogen

were excluded from the picm

01 ~itj ~. :i~l El Gin! IL II 1; ;~:l!~
plot. Solid lines: results
from a model; dashed line in
pion speclrum: distributi:)n
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been greatly improved,

A second experiment is currently being mounted in Pavia. [191 ~l,c

neurron

250 kv,

area of

source is 6

it is being

the thermal

Trigs reactor. Although this reactl~r is only

adapted exclusively for this experiment. The full

column is being utilized, together with a long

flight path and a large target grea. As a result, a scn~itivity

T= 107 s is anticipated even though the neutrons will be at r,,om

temperature anti not cooled.

The oiher experiments
[20]

arc all at the proposal sLaKc. Tile,:

a: fnpt to eXplJit neutron sources of [ligher intensity LL* cxLund Ltlc

sensitivity beyond 107 s, p~~ssibly ei’en somewhat abvc 10R 5. Tht >C

praposals require either subst~nLia] modificati.in LIi 2111? neutr.~, s~l]r,t

and/or a more elaborate detect.’r. Thus, these esperim~l~s, ii Lhc::

ct>ne off at all, are scne years dom thti -cIaJ. In ~,~nsid~,rln; t!:~lr

relacivt merit, iL is in~:>rtant t., juc!~c ~“!~cthcr the dctt.ct.r ha> slIf-

ficieat power in fact Ccl discrir.inate a~:lin~t b.likgrt’u:lJ L-:t:::s k’.!i

enou~h to achie~”~ :hu “zur.~’ ha~kgr.’ur,~ Ci\l’,.!lLi.’:’.Lha: i> i15\.,-u.l i:.

qulting sensititicy.
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interactlng ur,til they reach a beam stop far beycnd. The tar~et, of

course, must be thick enough to stop any of the antineutrons w!]ich r,a;;

have appeared in the beam. This leads to a detector in the form of iJ

cylinder which surrounds the target and subtends as large a solid an;lt

around it as practical. Openings have to be left for the beam LO ent~r

and leave, to end up in the beam stop beyond. .4 series of baffles in

the drift tube upstream of the detector is used t,, collimate the bea~,,

to make it strike the target but not the insidu w,]]] of the dete{ ttr

around it.

In the proposal using an accelerator as a neutr~~n s,urc~, a~.;,l:lt,,..

Is taken of the pulsed beam. The time of flight of c.-J-,-.,1 r~:s an.! f::-:

ncucrons do:.m the drift tube i~ very differt’nt fr,~- t}IQ s],..: t!ltr-,,1

neutrons and aliows gating t}l~ detect jr to r;spt:: ‘ ~Jn! t, tilt :;.’..

neuLror)s.
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4) The multiplicity is that. of ii probab]C annlhl]at~[)n (’hannc].

5) The total

6) The total

All decect,, rs

energy is consistent wIL]I 2 C(.V,

momentum is cOnsisLent Wltll zero.

Iave limited space>. time, ener~y, and momun (Jr

in ;Iresolution. in particular, since Lhc annil~ilation takes pl.ncc
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Table 5 Neutron Sources

Grenoble: 57-W Reactor: cold neutrons 25°K

curved beam guide 20 cm x 3 cm

low y, low fast n

< m 109 n/s ~ m 160 m/z 1, m 20 f

Pavia: 0.25 NW Reactor: thermal ncut;ons

Area 1.2 m x 1.2 m Bi+Taraffin nodcr~,t,,r

.. ● ~ x ~oll n/s at target

~ak Ridge: 30 MN Reacuor: thcrnal ncll[rL}n%

Area 1400 cm2

= 5 >: 10]3 ri/s aL 1 # t;lrLIL ill -.l !“

. =7X1O
]~

n/s at Car\.cl Iill!, I;i+:’

modrratrr

II>> A]2:)> 1,1’;l’r: Pr($rnn Linar 5R(.I ,;,.—.— .—. —

Hca\vy .,~’ctal Lta- St.!p, 1),)(’ :.,,!. :“,::, 1“
.

!- :’-4 x 10]2 n/5 t}lrr7.,:1 n~:::r.,.:.

(1 r.’ t:lritt al 3!) l?)

1 (’5 Al:l- .,$ ():0”;1 1<(:!: F Vi,’ s~,l(tt,r:
. -— ttllr:’, i! :1, ::!

(’!:,,:l:l,.l [,]:),., :,[ ~,! , ,,].,

.- 3 >: ]()]] rlf+ [Im’, :- [,1).. ,.: ,,: .

~“!,i]l;. Riv~,r: 110 ?fi.: R,.l, [,1: lli~l’’.l! 1’,.,[!”,:’,

(’1lallrlL’1 Lall}’1’nt L,I ~L,r(

- 1 x 10’: 11/s (1.”’ !. 1,11,,[ ,!:”,

(.rt’n.~!ll( 111: (Itli(li ill”i,l 1(~’.l 1’””:, “’.—
m Ill .?,

-1 X1( I
12

. n/s (1 7 I. It, Iq: .I: ii:’!

.—— -— — —.-— —.. - . . . . .

a;~i~vtl . Fi~urr fl 1s u lc~n~:lt(Idjn:il SII{IIiIIII [!f t}II d,[~~[,r. ,1 ,1,1, -

!1

1)

II.
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Table 6 Detectors

Grenoble 1:

Crenoble 11:.—

Pavia :

Pb scincl.llator calorimeter

760 kg 10% active. Acceptance 252 of b-
6

Thick target LiF

Limited streamer tubes + Al plates

Tracking calorimeter. Acceptance 952 of 4
6

Thick target LIF

Pb-flash chamber tr~ckin~ calorimcLer

65;. of 4- ncceptanc~’

Srintillator hodoscopc’ + rcsisti~’i, IJI;IIL

ChaRbL?r5 fUr trik&L’r

Thin target C or B,,

1%-g]ass hrunko~’ counl(r + s~iriiill;]Li,)v

counter }lOdlJSCL>pt

90” of 4-. accepiarcc

TIIWI uf flight ~.nd Lr.1,’}.in~ c!I;I:!,rs

Tcmpljr,~l + Ep.ltlili rL’((}llSt r\l(li(’ll

9.3:. of 4’” ,Icr(’ptn:l’(’

\(\ ~:~l(~yirl~,[ry

,-.
,4!,!.-f flil:llt + caii}ri:..tr !’: 11.-!:1, ii,:.’i



drift drift ntwgt rnn Fi~llrc (if (lc*t PC t itl,l no. events sensitivity at

fcncth C imc r I [1% %srit rfficicnrv ~or TW109 s—.. “zero” backgrourrd——— —- -.— —.—

: ts:/v . !t2 T
-1

uin

Fsperiment m .s ns ns r .1 9C)Z CL
B

-1~ ..i:.llfl--’1 2,.,J’ i~lnn

%V!f,’-’ .w.lf#

VW-”’
II

‘1n “J~ll) I .“l?ll!h

Ii r)-{lfl-”’ !0
1’

H:< t n“

f). “j;

fl.ifl

11.’m

O.’in

(1. if)

11. -}(}

II. in

II. -In

0.054

1.3

215.

29.

1. 5X106

0.7X106

1X1(38

4XL07

6X107

5XIJ7

2X107

1 .7X108
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\/p’/ . . 34*, W’1

\
—-.‘\ ,,, \\ . <1,,\\/\) ‘

\

/,’/ ;,’% ‘I t,,,,,,. ,~’,

DETECTOR EILIILC’NG

ELEvATION TI+RLJ @fl[:T@R

Figure 7 Detector building, cross-sectional view with the detcctcl
in place.

from the n“’s. The scintillators are thick enouxh to pri!vicle a usl’iul

means for discriminating against capture Gamma rays. The energy dc*-

poeited by ~onization in 15 cm of scintillator is abo~t 27 MeV, much

higher thau ~he maximum possible, 7 McV, from rhc capture gamma rays.

Wi~h a capture gamma ray flux ~108 s
-1

entering the detector, pile-up

is not a serious problem and a simpJ,e discriminator at each pllotctub,’

will make the detector rather insen~itivc to tbc capture ga~n rays.

The time of flight capability is used to vr!o cosmic ray evenLs.
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[
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A vetc IS provided whenever the time of fli.ghL mt~asur~,r,rnt clearly

shows that there is a particle moving toward [he insid~, of [Ilc dcLc<l,l.

The Spatial reSOlutiOn of this detector, without tile LSL’ of (harlb~,r

planes, is about 30 cm. This should be sufficic’nt to de~~nsLri]tc b}

spatial and temporal reconstruction that the e~~c’nt ori::il]atcs nt,.]r

the target and that energy and momentum balance, as WC1] as mu] Lip]i~ it>

corresponds to vllat Is probabl(, Fron] an arlrli))ilalion ev~nt.
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